ABSTRACT The effect of plasmin-derived fibrinogen fragments on the biosynthesis of fibrinogen was investigated in cultured monolayers ofrat hepatocytes. Incubating the cells with several concentrations of either fibrinogen or fibrin fragment D or E had no effect on the synthesis and secretion of fibrinogen by these cells. However, if the fragments were incubated with isolated peripheral blood leukocytes, they caused these cells to secrete a factor that when added to the hepatocytes caused an increase in fibrinogen synthesis 4-to 6-fold over controls. Moreover, the hepatocyte-stimulating factor also affected the production of several other proteins produced by the hepatocyte. These results demonstrate that both fragments D and E can stimulate hepatic fibrinogen synthesis via an indirect leukocyte-mediated pathway.
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When fibrinogen or fibrin is acted upon by plasmin, a series of well-defined proteolytic cleavages occur that ultimately result in the formation of two different molecular species that come from different parts of the molecule. The fragments are designated E, which is derived from the amino-terminal region of the molecule and has a Mr of 40,000, and D, which is derived from the carboxy-terminal region and has a Mr of 80,000 (1, 2) . Slightly more than a decade ago, Barnhardt et al (3) infused fibrinolytic fragments into dogs and found a significant increase in fibrinogen synthesis as judged by an increased immunofluorescence of liver slices taken several hours after the infusion. The observation that some of the plasminolytic fragments derived from fibrinogen or fibrin maybe involved in the regulation of fibrinogen synthesis was suggestive of a novel regulatory pathway that could be an important part of the inflammatory response.
A number of reports has appeared (4-8) which seem to verify and expand the study of Barnhardt et al.-that is, they suggest that either fibrinogen degradation products or fibrin degradation products (FDP or fdp, respectively) play an important role in regulating fibrinogen synthesis. On the other hand, several other studies (9) (10) (11) (12) have been unable to demonstrate any effects of FDP on fibrinogen production. Unfortunately there is no consistent explanation for these conflicting observations. Thus, whether FDP play any significant role in regulating fi--brinogen is still unresolved.
In this report we have characterized a role that FDP play in regulating fibrinogen synthesis by exposing cultured hepatocytes to purified fragments offibrinogen and fibrin. We provide evidence that the fragments, do not stimulate fibrinogen synthesis by direct interaction with the hepatocyte. However, the fragments do affect fibrinogen synthesis by stimulating leukocytes to produce a potent hepatocyte-stimulating factor (HSF), which then acts on the hepatocytes to increase fibrinogen synthesis. We also demonstrate that both fragments are equally potent in causing the production of HSF. These results show the pathway by which FDP stimulate fibrinogen production.
MATERIALS AND METHODS
Preparation of Rat Hepatocyte Monolayer Cultures. Hepatocytes were prepared from adult (200-300 g) male SpragueDawley rats by the collagenase perfusion procedure of Seglen (13) with several minor modifications described by Weigel et al. (14) . Full details of preparing and maintaining the primary hepatocyte cultures are described elsewhere (15) . The hepatocytes were cultured in Williams essential medium (GIBCO) with 0.1 mM ornithine/insulin (0.02 unit/ml)/5% fetal bovine serum/penicillin (100 Ag/ml)/streptomycin (100 Ag/ml)/50 nM dexamethasone.
Preparation of Human Leukocyte Suspensions. Fresh human peripheral leukocytes were prepared for each experiment. Approximately 200 ml of blood was drawn into heparin-coated plastic syringes. Twenty-five milliliters of freshly drawn blood was placed into a 50-ml sterile centrifuge tube and 2.5 ml of sterile 0.6% dextran (dextran 600 in 0.15 M NaCl) was added. After 45 min at 250C, the plasma (containing platelets, some erythrocytes, and leukocytes) was carefully removed from the settled erythrocytes and was then centrifuged at 400 x g for 5 min. After the supernatant-which had some suspended platelets-was aspirated, the resulting leukocyte pellet was resuspended, and any remaining erythrocytes were lysed by a 30-sec exposure to 0.2% NaCl. After the addition of an equal volume of1.58% NaCl, the cells were centrifuged and washed two times with sterile phosphate-buffered saline (PJNaCl). The final cell pellets were resuspended in sterile PjNaCl at 4 X 107 cells per ml. All procedures were carried-out under sterile conditions. Production ofHSF. Typically .1 ml ofwashed leukocytes was incubated with various test substances in a shaking water bath for 3 hr at 370C. The cells were then pelleted by centrifugation at 9650 x g in a Beckman microfuge. To remove any fibrinogen or fragment D or E that was added to the leukocyte suspension, the supernatants were shaken for 20 hr at 40C with 100-300 ILI of goat anti-rat fibrinogen (GARF) coupled to Sepharose 4B (GARF-Sepharose). After the GARF-Sepharose was pelleted (9650 x g; 30 sec), the supernatants were checked for the presence of fibrinogen crossreactivity (both fragments D and E crossreact with the monospecific GARF) by direct enzymelinked immunosorbent assay (ELISA) and then were tested for the presence of HSF as described below.
Hepatocyte Bioassay for H1SF Activity. We have previously described a bioassay for HSF that uses cultured.rat hepatocytes (15) . The assay consists ofdetermining the amount offibrinogen Abbreviations: HSF, hepatocyte-stimulating factor; FDP, fibrinogen degradation products; fdp, fibrin degradation products; GARF, goat anti-rat fibrinogen; ELISA, enzyme-linked immunosorbent assay; P] NaCl, phosphate-buffered saline. 1530
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Proc. Nati Acad. Sci. USA 79 (1982) 1531 secreted by cultures over a 24-hr period after the addition of HSF. The amount of fibrinogen produced by the hepatocytes and secreted into the medium was quantified with use of an ELISA (16, 17) . Total protein in the culture medium was determined according to Lowry et aL (18) . The amount of fibrinogen produced was expressed as ug of fibrinogen secreted per mg of cell protein per 24 hr. To quantify the amount of HSF produced by the leukocytes, several dilutions of the leukocyte supernatant were added to hepatocyte cultures and the amount of fibrinogen produced was determined. This assay was standardized by defining a unit of HSF activity as that amount necessary to elicit a 50% maximal response (15) . In this way, the total amount of HSF (i.e., units) produced by a known number of leukocytes in 3 hr was determined. hepatocyte cultures during the 24-hr test period so that newly synthesized and secreted fibrinogen could be distinguished from exogenous fibrinogen and the D or E fragment added directly to the cultures. After 24 hr, medium was collected and was shaken with an excess of GARF-Sepharose at 40C for 20 hr to ensure complete binding of the 3H-labeled fibrinogen (3H-fibrinogen). The medium was removed and the GARF-Sepharose was washed with five 1-ml aliquots of borate-saline (pH 8.5) to remove nonspecifically bound radioactivity. The washed GARF-Sepharose was resuspended in borate-saline, and 3H radioactivity was measured in duplicate 0.5-ml aliquots added to 5.0 ml of Aquasol and counted in a Beckman model LS7000 liquid scintillation spectrometer.
Two-Dimensional Immunoelectrophoresis. Hepatocytes were incubated for 24 hr in the presence or absence of HSF. Media from duplicate 100-mm tissue culture plates (6 ml per plate) were pooled, concentrated lOO1fold in a Minicon concentrator (Amicon), and subjected to crossed immunoelectrophoresis according to the methods of Clark and Freeman (19) . Briefly, 4 ,ul of each sample was placed into a well punched from an agarcoated glass plate (1% agar in barbital buffer, pH 8.9). These samples were then electrophoresed at 10 V/cm for 1.8 hr. Agar strips, each containing a separate electrophoresed sample, were cut out and placed on separate sheets ofplastic backed film (Gelbond; FMC Marine Colloids Division). Agar that contained rabbit antisera to rat plasma was then poured onto each plastic film and allowed to harden in contact with the agar strips containing the first-dimension samples. Electrophoresis in the second dimension was performed at 8.75 V/cm for 2.5 hr. The gels were soaked for 24 hr, dried, and stained with Coomassie blue.
Purification Procedures. Rat fibrinogen was purified from plasma as described (20) . The purified fibrinogen was electrophoresed under both reducing and nonreducing conditions. Fibrinogen was judged pure by the presence of a single large molecular weight band (320,000) under nonreduced conditions and the presence of only Aa, BB, and y chains under the reduced conditions. The electrophoresis procedure was performed according to the method of Laemmli (21) .
Rat plasminogen was purified from rat plasma by single-step lysine affinity chromatography as described by Deutsch and Mertz (22) . The plasminogen was activated to plasmin by treatment with 250 units of streptokinase per mg of plasminogen.
Fragments D and E were prepared by treating a 5-ml solution offibrinogen at 20 mg/ml in Tris HCl buffer (containing 5 mM CaCl2) with 1 mg ofplasmin. After 6 hr of incubation the entire digest was passed through the lysine affinity column to remove the plasmin. Fragments D and E were then separated by ion exchange chromatography on QAE-Sephadex according to the three-step gradient procedure described by Chen et aL (23) . 
RESULTS
Isolation of Fragments D and E. Fragments D and E were prepared from plasmin digests of fibrin or fibrinogen as described in Materials and Methods. When each of the isolated fragments was analyzed by NaDodSO4/polyacrylamide gel electrophoresis, a clear separation between fragments D and E was apparent. Fragment D is more heterogeneous, and its constituents have been designated D1, D2, and D3. However, fragment E is more homogeneous. The molecular weights of the fragments have been reported to be between 80,000 and 100,000 for the D fragments and 40,000 for fragment E. These fragments migrated in the NaDodSO4 gels (24) to positions that corresponded roughly to these sizes. The separation shown in Fig. 1 quite closely parallels that reported in other studies (25, 26) .
The Direct Effect of Fibrinogen and Fibrin Degradation Fragments. Several studies have suggested that fragments D and E stimulate fibrinogen synthesis. However, none of the reported studies has tested the effects of these fragments directly on hepatocytes. Therefore it was important to determine whether these act directly on hepatocytes or indirectly by activating other cells to produce stimulating factors. Two different concentrations of each fragment as well as undegraded fibrinogen were added to primary cultures together with [3H]leucine (20 juCi/ml). After 24 hr of incubation, the medium was removed and the newly synthesized 3H-fibrinogen was measured as described. As shown in Table 1 , no significant changes were found in the amount of newly synthesized fibrinogen secreted into the medium. The large amount ofincorporated radioactivity in experiment 2 (Table 1) reflects the use of a more active hepatocyte culture than in experiment 1. However, the addition of supernatants from activated leukocytes caused a 3-fold increase in 3H-fibrinogen synthesis. Thus, the system is quite responsive to agents known to affect hepatic synthesis ofplasma proteins (15, 27, 28) . The Effect of Fragments D and E on Leukocytes. Because neither the FDP nor the fdp were capable of stimulating fibrinogen synthesis via direct interaction with the hepatocytes, studies were begun to determine if stimulation of fibrinogen could occur through an indirect pathway involving leukocytes. It seemed possible that fragment D or fragment E-or both-could have an effect on leukocytes because numerous studies have implicated the leukocytes as producers of mediators ofthe acute inflammatory reaction. To test this hypothesis, normal peripheral leukocytes were prepared as described and incubated with different concentrations of fragments D, E, or D plus E for 3 hr at 370C in a shaking water bath. After incubation, the cells were pelleted, and GARF-Sepharose was added to each cell-free supernatant to remove any remaining FDP. The GARF-Sepharose-bound FDP were removed (as determined by antifibrinogen ELISA) by centrifugation, and the remaining samples were assayed for HSF activity by the cultured rat hepatocyte bioassay system.
The results of these experiments are shown in Fig. 2 (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . The protein fraction from rabbit leukocytes that contains these biological activities has collectively beemr termed leukocyte endogenous mediator, or LEM (34) . We shall refer to the factor that stimulated hepatocytes directly as the hepatocyte-stimulating 3 . Effect of fragments D and E on the rate of leukocyte HSF secretion. Seven tubes containing leukocytes (4 x 107 per ml) and various concentrations of fragment D (e) or E (o) were incubated for 3 hr at 3700 in a shaking water bath. After incubation, the cell-free supernatants were treated with GARF-Sepharose as described in the legend to Fig. 2 . The specific activity (i.e., units/mg of HSF) was then determined by hepatocyte bioassay of each sample. The rate of HSF secretion for each sample was then determined from the respective specific activities and cell numbers. o, HSF secreted by cells incubated in Pi NaCl alone. Proc. Natd Acad. Sci. USA 79 (1982) 1533 as 6-fold over that produced by nonactivated (i.e., PJNaCl-incubated) leukocytes. Fibrin degradative fragments were also capable of stimulating the leukocytes to produce HSF (data not shown). It should be emphasized here that fragments of both fibrinogen and fibrin have similar potencies over the concentration range shown in Fig. 3 .
Does HSF Regulate only Fibrinogen Synthesis? It has been suggested that the plasminolytic fragments of fibrinogen, specifically fragment D, only stimulated an increased synthesis of fibrinogen because no increase in either haptoglobin or albumin was detected after infusion of fragment D into rabbits (6) and rats (5) . Our data demonstrate that fragment D or E has no direct effect on the hepatocyte's production offibrinogen-rather that the stimulation comes through the action of fragment D or E or the leukocyte. This finding raises the possibility that fragment D or E may stimulate the production of a HSF specific for fibrinogen.
To test this notion, media samples taken from hepatocyte cultures that had been exposed to HSF from E-stimulated leukocytes were concentrated and analyzed by crossed-immunoelectrophoresis. Patterns shown in Fig. 4 eral proteins in addition to fibrinogen are significantly increased, thus indicating that the stimulation produced by the HSF also involves other plasma proteins. These results agree with those of Fouad et aL (28) . Furthermore, the crossed-immunoelectropherogram shows that haptoglobin is one of the proteins that responds to HSF. Albumin would not be expected to be increased because it is known that its synthesis is diminished during an acute inflammatory reaction (35) .
DISCUSSION
The control mechanisms for plasma protein synthesis and secretion have been the subject ofconsiderable interest in recent years. It appears that several different factors may be involved in regulation of fibrinogen synthesis including thrombin (9) as well as various hormones and serum factors (36) (37) (38) (39) (40) . Of particular interest here is the suggestion that certain fragments ofthe parent molecule (fibrinogen) may exert some control over its own synthesis. Ifindeed this is correct, then it represents a truly unique feedback control mechanism for eukaryotic cells. We report here that in fact plasminolytic fragments of fibrinogen (fragments D, E, or both) are involved in the stimulation of fibrinogen synthesis, although the pathway is indirect and involves cells of the reticuloendothelial system.
Our finding that neither fragment D nor E exerts any direct regulatory role on fibrinogen synthesis was unexpected because numerous studies had implicated these peptides as regulators of fibrinogen synthesis. We reasoned that these peptides must be influencing the hepatocyte through some indirect pathway. Studies from many laboratories (30) (31) (32) (33) as well as our own (15, 27) kocyte could be a link in the pathway for fibrinogen synthesis that involves fragments D and E. When leukocytes were treated with fragment D or E they responded by producing a factor that when added to the isolated hepatocyte had a dramatic effect on fibrinogen synthesis. Neither fibrinogen nor fibrin stimulated leukocytes to product HSF; however, plasminolytic fragments D and E at the same molar concentration stimulated the production of HSF by the leukocytes.
It was important to determine the specificity of the HSF produced by the fragments because two other reports (4, 5) suggest that FDP had no apparent effect on the other plasma proteins. Several investigators have used two-dimensional immunoelectrophoresis to determine the relative amounts of a number of plasma proteins simultaneously (28, 37, 41) . Our results with this technique show that the amounts ofat least four proteins in addition to fibrinogen are noticeably enhanced as a result of HSF-stimulation of hepatocytes.
The data presented in this report demonstrate that a functional role for fibrinogen and fibrin degradative products is to activate leukocytes to produce a hepatocyte-stimulating factor. It is quite unlikely, however, that these peptides are the only agents capable of this activation. In fact, several reports have demonstrated that peritoneal leukocytes produce HSF in response to activating agents other than fibrinogen or fibrin fragments (15, 27) . The dose-dependent response of isolated leukocytes to fragments D and E suggests that certain physiologic states in which there are high levels of the fragments in the circulation are associated with high levels of HSF. Although endogenous blood levels have not as yet been measured, we have determined in in vitro culture that fibrinogen synthesis can increase 3-to 4-fold when HSF reaches 1-3 units/ml.
In summary, we have presented evidence that demonstrates a unique feedback regulatory pathway for fibrinogen synthesis that involves specific plasminolytic fragments of the fibrinogen molecule itself. We have shown that the leukocytes can be stimulated in a dose-dependent manner by these fragments to produce a potent stimulatory factor that affects synthesis not only of fibrinogen but also of several other plasma proteins. Finally we suggest in a summary scheme (Fig. 5) 
